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Abstract
In recent years, non-pharmacologic approaches to modifying human neural activity have gained
increasing attention. One of these approaches is brain stimulation, which involves either the direct
application of electrical current to structures in the nervous system or the indirect application of
current by means of electromagnetic induction. Interventions that manipulate the brain have
generally been regarded as having both the potential to alleviate devastating brain-related
conditions and the capacity to create unforeseen and unwanted consequences. Hence, although
brain stimulation techniques offer considerable benefits to society, they also raise a number of
ethical concerns. In this paper we will address various dilemmas related to brain stimulation in the
context of clinical practice and biomedical research. We will survey current work involving deep
brain stimulation (DBS), transcranial magnetic stimulation (TMS) and transcranial direct current
stimulation (tDCS). We will reflect upon relevant similarities and differences between them, and
consider some potentially problematic issues that may arise within the framework of established
principles of medical ethics: nonmaleficence and beneficence, autonomy, and justice.
Keywords
neuroethics; medical ethics; brain stimulation; deep brain stimulation; transcranial direct current
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Introduction
In recent years, non-pharmacologic approaches to modifying human neural activity have
gained increasing attention. One of these approaches is brain stimulation, which involves
either the direct application of electrical current to structures in the nervous system or the
indirect application of current by means of electromagnetic induction. Deep Brain
Stimulation (DBS) has been discussed widely in the medical, scientific, and ethical
literature, and is currently being employed as a therapy. In addition, less invasive techniques
for stimulating the brain, such as transcranial magnetic stimulation (TMS) and transcranial
direct current stimulation (tDCS) are being explored increasingly as investigative and
therapeutic techniques (Figure 1). In this paper we will specifically address these three
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techniques. Although there are other widely used techniques for stimulating the central
nervous system (such as Vagus Nerve Stimulation), we will focus our attention on those
technologies for which there has been a large and growing literature demonstrating their
ability to manipulate cognition. This is especially true of TMS and tDCS. We are also
interested in discussing techniques that have been debated prominently in the neuroethical
literature, as is the case with DBS.
Even though the technology required to perform human brain stimulation has existed for a
number of years, it is only recently that the enormous potential of these approaches in
cognitive neuroscience, neuropsychology, psychiatry, and neurology has been more fully
realized (Wagner et al. 2007). Compared to other therapeutic interventions, brain stimulation
has a number of real and theoretical advantages that prompt us to consider how it is being
used in the present and how it should be used in the future. In some instances brain
stimulation has already proven to be effective in treating disorders that are difficult to
manage using more conventional therapies (e.g. DBS and TMS for medication-refractory
depression). Also because brain stimulation is more focally targeted than most
pharmacologic therapies, it theoretically circumvents many of the undesired side effects of
other treatments and can potentially be tailored to meet the needs of individual patients
(Fregni and Pascual-Leone 2007). In addition, in some circumstances, brain stimulation has
been shown to be more cost-effective than typical pharmaceutical interventions
(Valldeoriola et al. 2007; Valldeoriola, 2011). In the case of TMS and tDCS, the ability to
induce persistent modulation of human cortical excitability and function in a minimally
invasive and painless way is a clear advantage over more invasive techniques. Moreover, for
certain techniques—most notably tDCS—practical aspects such as device size, cost, and
ease of use make it plausible that brain stimulation could someday be implemented in
environments with limited resources, such as in developing countries. Finally, these
techniques may now be moving beyond laboratories and clinics, and have started (or at least
have been envisioned) to play a role in the cognitive enhancement of healthy individuals.
While brain stimulation techniques offer considerable benefits to society as treatments for a
variety of debilitating neurologic and psychiatric conditions, they also raise a number of
concerns. Naturally, the implementation of new medical technologies introduces questions
regarding their use and potential abuse. In this way the ethical issues that arise with brain
stimulation are similar to those raised by any other treatment. However, technologies such as
brain stimulation that specifically have the capacity to alter cognitive abilities and patterns
of thought also merit special consideration, since they may raise unique concerns related to
personhood and identity. In this paper we will address various issues related to brain
stimulation in the clinical setting, focusing on interventions that modulate cognition. We
will survey current work involving DBS, TMS and tDCS, reflect upon relevant similarities
and differences between them, and consider some potentially problematic issues that may
arise within the framework of established principles of medical ethics.
Overview of brain stimulation techniques
Deep brain stimulation (DBS) is an invasive technique that stimulates brain structures that
lie deeper than the cerebral cortex, including but not limited to the basal ganglia, thalamus,
and deep portions of the cingulate gyrus. The DBS system consists of: (1) a lead, (2) an
extension, and (3) the implanted pulse generator (neurostimulator), which is placed below
the skin. The lead, a thin electrode, is inserted through a small opening in the skull and
implanted in the brain, with its tip positioned within the targeted brain area. The extension,
an insulated wire, is passed under the skin of the head, neck and shoulder, connecting the
lead to the neurostimulator (UNC School of Medicine 2012). The neurostimulator
(sometimes called a ‘brain pacemaker’) delivers a constant high frequency stimulus to the
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tip of the lead, and is usually implanted under the patient’s clavicle or abdomen (Lozano et
al. 2002; UNC School of Medicine 2012). To date, the precise mechanism of action of DBS
remains unclear (Ponce and Lozano 2010); however it is thought that the stimulation
induced by this system may interrupt specific circuits in the brain that are overactive in
different disease states.
Transcranial magnetic stimulation (TMS) is a minimally invasive technique that allows for
both neurostimulation and neuromodulation (Wagner et al. 2007). It involves an
electromagnet, which generates a rapid time-varying magnetic field in a coil of wire, that
when held to the head of a subject creates magnetic pulses that penetrate the scalp and the
skull, inducing a small localized electrical current parallel to the plane of the coil in the
brain. This induced current is sufficient to depolarize neuronal membranes and generate
action potentials (Hamilton et al. 2011). Depending on the frequency, intensity, and
temporal pattern of stimulation, TMS can be employed to focally induce either excitatory or
inhibitory cortical activity (Benali et al. 2011). Single-pulse TMS has long been used as a
neurophysiologic tool to assess and briefly modulate cortical excitability, and has also been
used to assess the integrity of central neural pathways in the brain and spinal cord. Closely
paired pulses of TMS—administered either within the same hemisphere or
bihemispherically—have also been used to explore cortical excitability. In contrast to the
very transient effects of these techniques, repetitive TMS (rTMS) employs longer trains of
pulses, which can induce neurophysiologic and behavioural effects that can outlast the
period of stimulation (Pascual-Leone et al.1999). It is thought that the mechanisms that drive
these persistent post-stimulation rTMS effects are analogous to those seen in animal models
of long-term potentiation (LTP) and long-term depression (LTD) (Korchounov and Ziemann
2011, Pascual-Leone et al.1999). Our discussion of the real and theoretical concerns
associated with TMS will focus on treatments involving rTMS, since other approaches have
not been associated with persistent changes in brain activity or behavior.
Transcranial direct current stimulation (tDCS) is a minimally invasive technique that differs
from TMS in that it only allows for neuromodulation and not neurostimulation (Wagner et
al. 2007). The technique involves applying a weak direct current (1–2mA) to the scalp via
electrodes (an anode and a cathode), which deliver current to underlying tissues, including
the brain. Only a portion of the applied current enters the skull (Priori et al. 2009). TDCS
differs qualitatively from TMS because the current applied to the brain is insufficient to
induce the rapid shift in neuronal membrane potentials required to produce action potentials
(Nitsche et al. 2008). Rather, it is believed that tDCS modulates cerebral activity by
inducing incremental shifts of cortical excitability (Nitsche and Paulus 2001; Nitsche et al.
2005; Nitsche et al. 2008). TDCS can have prolonged effects, lasting from minutes to hours
depending on the intensity, polarity and duration of stimulation applied (Priori 2003). These
effects have been attributed to neuronal changes that affect synaptic connectivity, including
synthesis of specific proteins and modification of intracellular cAMP and calcium levels
(Nitsche et al. 2008). Like TMS, it has also been suggested that tDCS induces neuroplastic
changes that are physiologically similar to long-term potentiation (LTP) and long-term
depression (LTD) (Nitsche et al 2003).
Comparison of brain stimulation techniques
There are clear differences between DBS, TMS, and tDCS that inform the contexts in which
they have been and can be used. Perhaps the most obvious of these differences is that DBS
is an invasive technology, in that it involves surgical implantation of an electrode (or
electrodes in the case of bilateral DBS) within the brain parenchyma. DBS is therefore
associated with surgical risks such as bleeding or infection. Patients with DBS sometimes
require further surgeries in cases where the batteries of the neurostimulator are depleted or
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malfunctioning (Blomstedt and Hariz 2005; Merkel et al. 2007). By contrast, TMS and
tDCS are applied externally (that is, they are placed in direct contact with the head or in
close proximity to it), and do not involve insertion of mechanical hardware into brain tissue.
TMS and tDCS are often classified as non-invasive to emphasize their external nature. In
this piece we refer to these two technologies as “minimally invasive”, in part to underscore
the notion that they impose exogenous magnetic fields or electrical currents upon the brain,
and can thus be considered at least somewhat invasive (George et al. 2009). While the fact
that TMS and tDCS do not require brain surgery is clearly an advantage, one difference and
potential drawback related to the minimally invasive nature of these technologies is that they
are much more limited in their ability to affect brain structures deeper than the cortex. The
fact that these techniques target very different sites in the brain leads to broad differences in
the disease processes for which invasive and minimally invasive stimulation techniques are
being explored. In addition, the spatial resolution of DBS is thought to be superior to that of
minimally invasive stimulation techniques, especially tDCS (Nitsche et al. 2008), allowing
for anatomic structures to be targeted precisely, which in turn yields specific clinical
benefits and minimizes stimulation side effects (Ponce and Lozano 2010). One practical
consideration is that compared to DBS minimally invasive brain stimulation techniques are
inexpensive, since they do not involve the costs and potential liabilities associated with
surgery. Finally, while TMS and tDCS can be employed in a variety of ways to pursue basic
studies of physiology and behavior, diagnostic procedures, and therapeutic interventions
(Pascual-Leone and Wagner 2007), DBS is generally only employed as a treatment because
of the risks and expense involved.
Comparison of TMS to tDCS reveals a number of relevant differences. As noted above,
TMS is capable of stimulating neuronal action potentials, whereas tDCS is only capable of
incrementally modulating the activity of neurons. Another difference is that single pulses or
short trains of TMS can be delivered with great temporal precision, which potentially
affords much greater temporal resolution than tDCS (Priori et al. 2009). While this is a
meaningful advantage for many cognitive neuroscience studies, the temporal precision of
TMS is perhaps less relevant to treatment studies, wherein long trains of rTMS are often
employed. Another potential disadvantage of tDCS in comparison with TMS is its relatively
low spatial resolution. However one can change the size of the electrodes to achieve a better
spatial resolution with tDCS (Nietsche et al. 2007), and investigators have recently
developed “high-definition” tDCS (HD-tDCS) systems designed to deliver more focal
stimulation (Datta et al. 2008). Nonetheless, conventional tDCS may theoretically be
preferable in cases where stimulation of a more distributed network of cortical sites is
desirable. Extending this notion, a theoretical advantage of tDCS is that by virtue of having
two possible sites of concurrent stimulation on the scalp (an anode and a cathode) this
technique may be especially useful in cases of unilateral injury, where “behavioural effects
occur not only through dysfunction at the damaged site, but also from overinhibition arising
from the contralateral healthy side of the brain” (Priori et al. 2009:243). Sham (placebo)
tDCS can be administered readily and is difficult to distinguish from actual stimulation
(Brunoni et al. 2012b; Gandiga et al. 2006). Moreover tDCS stimulators can be pre-
programmed to deliver sham or real tDCS in a masked manner, so as to enable double-
blinded experimental designs (Nitsche et al. 2008). Sham TMS studies are more difficult to
execute, insofar as scalp sensations, facial muscle twitches, and noise generated by the coil
make it difficult to conceal whether or not real stimulation has been applied (Priori et al.
2009).
Although TMS may be a more spatially and temporally precise instrument than tDCS, there
are a number of practical considerations that make tDCS attractive as well. For instance,
tDCS is highly portable (it fits inside a briefcase and is battery powered) compared to TMS.
In addition, subjects undergoing tDCS have more freedom to move their heads during the
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course of stimulation compared to subjects receiving TMS, which allows tDCS to be used
more readily with existing behavioral tasks and therapies (Hamilton et al. 2011; Priori et al.
2009). Administration of TMS carries a small risk of inducing seizures, which has never
been reported with tDCS (Rossi et al. 2009). Importantly, the cost of a tDCS unit is
approximately an order of magnitude less than a TMS machine paired with
neuronavigational equipment and software. All of these characteristics give tDCS a greater
potential to be used in areas lacking resources or with poor infrastructure (such as
developing countries) (Brunoni et al. 2012b). These practical advantages also predispose
tDCS to use outside the clinical setting, potentially as a “do-it-yourself” technique. This
brings with it a host of ethical issues, which we will touch upon in the discussion section.
Better living through electricity: the therapeutic promise of brain
stimulation
A growing number of studies speak to the beneficial effects of brain stimulation in treating a
variety of conditions affecting the nervous system. DBS is supported by the most evidence,
as it has been in clinical use the longest out of the three technologies. The US Food and
Drug Association (FDA) has approved DBS as a treatment for essential tremor (1997),
Parkinson’s disease (2002) and dystonia (2003). Psychiatric applications of DBS are also
moving from experimental to clinical use (Synofzik and Schlaepfer 2011), and DBS is
currently being explored as a treatment for depression (Anderson et al. 2012; Mayberg et al.
2005), Tourette’s syndrome (Kuhn et al. 2009), Alzheimer’s disease (AD) (Laxton et al.
2010), anorexia (Wu et al. 2012), and alcoholism (Heldmann et al. 2012).
TMS (specifically repetitive TMS, or rTMS) was given FDA approval in 2008 as a
treatment for medication refractory depression. 1 There is also ongoing research into its
potential therapeutic benefits for a variety of other neurologic and psychiatric conditions,
including but not limited to motor dysfunction (Groppa et al. 2012), obsessive compulsive
disorder (OCD) (Wu et al. 2010), Alzheimer’s disease (Haffen et al. 2012), hallucinations in
schizophrenia (Guller et al. 2012), and pain disorders (Sampson et al. 2011).
Despite its benign side-effect profile, tDCS has not yet received approval from the FDA for
any clinical indication. However, promising data indicate that it may eventually prove
effective in treating major depressive disorder (Brunoni et al. 2012a; Brunoni et al. 2013),
motor and cognitive deficits after stroke (Schlaug et al. 2008), working memory deficits
(Fregni et al. 2005), and memory loss in patients with Alzheimer’s disease and Parkinson’s
disease (Boggio et al. 2006). Moreover, it has been hypothesized that tDCS could be helpful
for the treatment of a variety of other conditions, such as anorexia nervosa (Hecht 2010).
Given the invasiveness, risks, and costs associated with DBS, it seems likely that less
invasive techniques such as TMS and tDCS will eventually be more widely used in clinical
settings.
The ethical challenges of brain stimulation
The notion of therapeutically altering brain function has always raised both hopes and fears,
and different interventions that accomplish this goal have always come with both promises
and perils. Neurotechnologies such as brain stimulation bring to the forefront a variety of
challenges that are “relatively novel and emerge primarily because of the very special status
of the brain in human life” (Farah 2010: 7; cf. Glannon 2007; Racine 2010). Direct
manipulation of the brain, for instance, has generally been regarded as an intervention with
1Even though TMS has FDA approval, its “clinical effect sizes are modest and the ultimate clinical significance remains unclear and
is still controversial” (George et al. 2009)
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both the potential to cure devastating brain-related conditions and the capacity to create
unforeseen and unwanted consequences including radical changes in the complex
perceptions, thoughts, motivations, and behaviors that confer upon us our humanity and our
personhood (Bell et al. 2009; Farah and Wolpe 2004; Hamilton et al. 2011; Heinrichs 2012).
Considering the potentially vulnerable status of many patients with brain disorders, the lack
of extensive data about effectiveness of these relatively new stimulation technologies, the
increasing exploration of these techniques for a variety of neurologic and psychiatric
indications, and the potential for their use in the absence of professional oversight
(specifically in the case of tDCS), we believe that the community of clinicians and
investigators employing brain stimulation in the context of clinical research and care needs
to take closer stock of the ethical concerns associated with these emerging technologies, and
should also identify a framework of principles that can be employed to inform both clinical
and research decision-making (Bell et al. 2009; Heinrichs 2012; Priori et al. 2009; Synofzik
and Schlaepfer 2011). In this paper, which focuses on the use of brain stimulation in clinical
practice and biomedical research, we will consider the ethical issues of brain stimulation
within the context of well-established principles of medical ethics: nonmaleficence and
beneficence, autonomy, and justice (Beauchamp and Childress 2001). Here is it important to
emphasize that we are focusing on issues that could arise from either current or proposed
therapeutic applications of brain stimulation, rather than basic science investigations that
employ these technologies. However, we will also touch upon some basic studies of
physiology and cognition, insofar as they suggest that neurologic functions can be
manipulated and enhanced in ways that may someday be relevant to patients.
“First, do no harm”: nonmaleficence and beneficence in brain stimulation
The notions of acting in the interests of a patient (beneficence) and avoiding harm
(nonmaleficence) are central principles of bioethics that have guided the practice of
medicine since antiquity. Therefore, while these two concepts are certainly important to
brain stimulation techniques, they are in no way unique to them; we can draw on current
practices in clinical and research ethics to inform and guide the appropriate use of brain
stimulation. In clinical practice, beneficence and nonmaleficence are often addressed in
tandem, when a conversation takes place between a clinician and patient in which the risks
and benefits of a particular therapeutic intervention are discussed. In the clinical setting,
where the techniques have already been subjected to controlled clinical trials and been given
approval by government bodies for specific medical indications (e.g. FDA approval of DBS
for Parkinson’s Disease), the immediate benefits and risks likely to be faced by the patients
are relatively easy to predict and discuss based on existing data. This is less clear in the
clinical research setting, where therapies are still experimental and where only limited
evidence regarding either the benefits or the risks to patients may be available. Most
investigators currently conduct research within the guidelines established by regulatory
bodies in their institutions or by the Declaration of Helsinki (World Medical Association
General Assembly 2001), both of which emphasize that in biomedical research the benefits
to a human subject and to society should exceed the risk imposed on the individual.
Nonetheless, the onus is on researchers to be frank about the fact that benefits are not certain
and that risks, in some cases, are not completely known.
With respect to known risks, each brain stimulation technique has its own unique safety
profile. Like in all clinical practices, it is important for physicians and others administering
therapies to thoroughly discuss safety issues with patients related to these technologies.
DBS, for example, is considered to be a largely reversible technique in spite of its invasive
features, because it is thought that the therapy does not leave permanent lesions (Ponce and
Lozano 2010). Nonetheless, considering the risks and side effects associated with the
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surgery (i.e. hemorrhage, infection, fracture, misplacement, or migration of the lead)
(Merkel et al. 2007), and the relative lack of long-term data with this relatively new
technique, this notion of reversibility is debatable. Indeed, given the potential risk associated
with surgical implantation of DBS electrodes, it has generally been employed as a treatment
of last resort for patients who are refractory to other forms of therapy. By contrast, TMS and
tDCS are regarded as relatively safe, although not entirely without risks. Single pulses of
TMS are considered very safe, and this approach has been used extensively to investigate
various aspects of human neurophysiology. On the other hand, repetitive TMS (rTMS) has
been associated with a small risk of inducing seizures, although rigorous safety guidelines
have been established to avoid this adverse event (Rossi et al. 2009; Wassermann 1998).
The most common side effect of TMS is mild and transient headaches. TDCS has not shown
any serious side effects, except for some tingling or itching under the electrodes, and
infrequent nausea, fatigue, and headache (Nitsche et al. 2008; Poreisz et al. 2007), and in
rare cases skin lesions (Palm et al. 2008). However, safety for tDCS has not been
extensively investigated in persons with skull defects or neuropsychiatric disorders (Brunoni
et al. 2012b), so caution should be exercised with these groups of patients. Naturally, an
important point to take into consideration is whether brain stimulation leads to long-term
changes in brain function. In non-clinical research, the changes in brain activity induced by
stimulation are believed to be transient, whereas in the clinical setting the goal is often to
achieve effects that persist well beyond the stimulation period. The possibility that these
therapies might induce permanent changes in the brain raises theoretical concerns that there
may be unintended neural consequences of stimulation.
When considering technologies that can potentially alter neurologic function, cognition, and
behavior, the notion of unintended consequences takes on special significance. Brains are
delicately balanced, intricately connected, and highly ordered systems; it is difficult, if not
impossible, to predict all the likely consequences of brain stimulation. Years from now we
may discover that repeated stimulation of a specific brain area has a beneficial effect on one
cognitive domain, but a deleterious effect on others. For example, there have been cases in
which the placement of DBS successfully treated patients’ motor deficits but also
exacerbated cognitive problems, depression, or (hypo)mania (Temel et al. 2006). There have
also been cases in which patients, despite improvement in motor function, experience
difficulties adapting to the expectations associated with being restored to a normal level of
function (Gilbert 2012). Numerous studies in cognitive neuroscience have employed TMS to
focally suppress activity, creating “virtual lesions” for investigative purposes (Pascual-
Leone et al. 1999). This implies that TMS, in addition to having the capacity to induce
beneficial effects on cognition and behavior, could theoretically have the potential to induce
unintentional deleterious effects on neurologic function. In the case of tDCS the position and
polarity of electrodes is crucial, and there is evidence that unintentional electrode
misplacement or reversal of polarity can cause at least transient impairment of specific
cognitive functions (Cohen Kadosh et al. 2010) or induce maladaptive behavioral changes
(Fumagalli et al. 2010). The potential issue of unintended consequences due to brain
stimulation finds clear parallels with the unintended side effects of medications. However,
we believe that the targeted nature of brain stimulation increases the likelihood that the side
effects of these techniques will be cognitive and behavioral in nature, and that for this reason
these approaches merit special consideration. Insofar as brain function instantiates the
perceptual and cognitive experiences that comprise identity, personality, and self, one very
real possibility is that these technologies may affect these vital human abilities in
unpredictable and undesired ways, as we will discuss below.
Finally, directly linked to the idea of risks and benefits is the notion of the so-called “double
effect.” That is, there are situations in which we accept the deleterious effects of a treatment
in light of other beneficial effects (e.g. medications that alleviate pain but also shorten the
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lives of terminally ill patients). In the case of brain stimulation, there may be scenarios in
which known changes in neurologic function are deemed to be acceptable in light of specific
potential benefits. This raises difficult questions, including how much of a bad or
questionable effect do we tolerate for the sake of a desirable effect? How does one weigh
different mental abilities or neurological functions against each other? Who prioritizes these
abilities? Is it, for instance, appropriate to change a person such that he or she is worse at
mathematical reasoning but better with respect to verbal fluency? What about decreasing
empathy for the sake of increasing working memory? While it is largely speculative whether
brain stimulation is likely to lead to these kinds of cognitive trade-offs, it is worth
considering potential consequences such as these before we see them emerge in treated
patient populations. Will there be certain cognitive domains that should be inviolable with
respect to manipulation?
Although we cannot answer all of these questions, we can start to address them in common
sense ways. The issue of unintended consequences demands that researchers and clinicians
pay careful attention to their subjects or patients to detect any possible unexpected
deleterious effects of stimulation. This may require more careful scrutiny of a variety of
neurologic and cognitive domains aside from those that are being intentionally
experimentally or therapeutically manipulated. Publication of safety data and responsible
reporting of unexpected outcomes are also essential for defining the landscape of risks and
benefits associated with these technologies. As these risks and benefits of brain stimulation
become more completely known, issues of double effect will need to be addressed on an
individual study-by-study basis since the trade-off of risks to benefits will be dependent on
the nature of each investigation. In such instances, investigators must be willing to work
closely with regulatory bodies (e.g. Institutional Review Boards or the U.S. Food and Drug
Administration), who are charged with safeguarding the interests of subjects and patients
with respect to medical interventions.
Autonomy: searching for self in the stimulated brain
Direct manipulation of the brain—of which brain stimulation techniques are just one
example—can lead to changes that extend beyond modification of specific cognitive
abilities and behaviors. If permanent and significant changes in physiology are induced by
these interventions, they could affect the motives and other general dispositions that underlie
behavior (Bublitz and Merkel 2009). Thus, brain stimulation could theoretically be regarded
as an intervention that circumvents the normal capacities of individuals in order to alter
those capacities, in a sense “imposing itself over [ourselves]” (Levy 2007). This poses a
challenge when thinking about the principle of respect for autonomy. Here, we would like to
touch upon two interrelated issues of autonomy: informed consent and personhood.
Informed-consent, decision-making capacity and withdrawal
The notion that a patient or subject should only be subjected to an intervention if he or she is
well-informed, willing to participate, and free from coercion is fundamental to the ethical
conduct of medical research and clinical practice, and finds its foundations in the principle
of respect for autonomy. Several issues arise with respect to informed consent as it relates to
brain stimulation. The fact that many therapeutic applications of brain stimulation remain
experimental underscores the duty to fully inform individuals of the potential risks of these
techniques, as discussed above. In addition, as it is the case of DBS, most of the therapeutic
applications are only offered for treatment-refractory patients, which could mean that
patients are already in vulnerable states in which they might feel that they have no viable
options but to consent. Another issue that makes informed consent potentially problematic is
that many proposed and currently employed therapeutic applications of brain stimulation are
geared towards individuals with either psychiatric disorders or cognitive impairment. This
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further underscores the need to establish, on an individual basis, whether persons are capable
of providing appropriate consent. Extending this notion further, an assessment of the ethical
implications of these techniques must also take into consideration whether the cognitive and
behavioral effects of stimulation themselves alter the ability of individuals to provide or
withdraw consent (Heinrichs 2012; Schmitz-Luhn et al. 2012). Finally, a set of concerns
relates to whether the wider use of these technologies may eventually introduce either
explicit or implicit coercive pressure for individuals to undergo brain stimulation to treat real
or perceived cognitive or psychological impairments (Hamilton et al. 2011). While the issue
of coercion is not unique to brain stimulation, we should nonetheless be mindful that in our
competitive fast-paced society, more widespread implementation of techniques that can
potentially enhance mental activity may eventually lead to direct or indirect pressure on
individuals to make use of them.
The notion of capacity is of central concern in any discussion of informed consent (Klaming
and Haselager 2010). In the context of clinical care and medical research, capacity can be
defined by four key abilities: communication, understanding, appreciation, and
rationalization/reasoning (Applebaum & Grisso 1988). An individual must be able to not
only understand the information presented to them but also be able to apply the information
to their own personal situation and rationally explain the reason for the decision that they
made. A separate, but related concept is mental competence, which is a legal status that must
be demonstrated in order to start, continue, or stop any clinical or experimental manipulation
that entails intervening on an individual’s body or mind.2 With these definitions in mind,
clinicians and investigators employing brain stimulation techniques must be cognizant that
for individuals with certain conditions, particularly psychiatric disorders, the determination
of medical decision-making capacity may be quite complicated (Bell et al. 2009; Cabrera
2011; Schmitz-Luhn et al. 2012; Synofzik and Schlaepfer 2011). One reason for this is that
individuals’ treatment preferences 3 (Synofzik and Schlaepfer 2011) and decision-making
capacities (Cabrera 2011) are strongly influenced by mood and affect, which are in turn
affected in these types of conditions. Another reason is that the potential psychiatric side
effects of brain stimulation itself, such as mood changes or elevated anxiety, may be more
prevalent or pronounced in psychiatric patients. Thus, depending on the conditions for
which these techniques are used, additional efforts may be required in order to accurately
assess capacity, provide information, and acquire consent in a manner that is appropriate to
the abilities and needs of patients and subjects. While this determination can at times be
complicated, evidence suggests that providing clinicians with adequate knowledge of the
key components of capacity increases the reliability of their assessments (Marsden et al.,
2000). Moreover, in the broader field of medicine, structured clinical interviews and other
formal assessment instruments have proven helpful in making such determinations (Dunn et
al., 2006). In some cases capacity may be further informed by evaluation of cognitive
abilities and psychological states (see Appelbaum, 2007 for a brief review of assessment). In
short, for many current and future practitioners of brain stimulation, assessment of capacity
may represent a new clinical skill set that will need to be acquired.
Identity/personhood
Our sense of individual identity and our understanding of ourselves as distinct persons
derive largely from our ability to experience psychological continuity and persistence
through time as the same beings. Importantly, it has been argued that neural interventions
have the capacity to alter these experiences so profoundly that they may impact the
2The foundational document of research ethics, the Nuremberg Code, begins the first of its ten requirements with: “The voluntary
consent of the human subject is absolutely essential”.
3For instance, treatment-resistant patients might feel desperate to find a cure.
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experience of personhood (Farah and Wolpe 2004). This has been a major topic in the
discussion of ethical issues surrounding DBS in particular (Heinrichs 2012; Jotterand and
Giordano 2011; Klaming and Haselager 2010; Lipsman and Glannon 2012; Mathews 2011;
Schmitz-Luhn et al. 2012; Witt et al. 2011), and is also a theoretical concern for other brain
stimulation techniques.
There are certainly limits to what would be reasonable concerns regarding brain stimulation
and personhood. For instance, it would be difficult to argue that the individuals who receive
brain stimulation are abruptly transformed into wholly different persons by their experience.
This is because these techniques generally do not fundamentally disrupt the continuity and
persistence of mental experience. Moreover, practitioners of these techniques—perhaps
more so those who administer TMS and tDCS than DBS—can reasonably assert that, while
brain stimulation can potentially alter the neural states and experiences of its recipients,
these interventions do not affect the personhood or identity of individuals more than
psychopharmacological treatment or behavioral and cognitive therapies, all of which are
generally accepted by the public. The main questions for brain stimulation related to
personhood are therefore more along the lines of whether or not these technologies alter
aspects of selfhood in more subtle but nonetheless worrisome ways. While this concern
remains largely theoretical at this point, an issue as important as this will require more
comprehensive assessment of cognitive outcomes in studies that employ these techniques as
well as comparative studies with other brain intervention technologies. Here we will discuss
two specific concerns, one related to the short-term, reversible effects of brain stimulation,
and a second concern related to its enduring effects.
The putative reversibility of brain stimulation raises an intriguing question that relates both
to personhood and to informed consent: under which condition—stimulation on or off—
should an individual be approached regarding continuation or cessation of treatment? Stated
another way, it may be unclear whether a person whose cognition and affective capacities
have been temporarily changed by brain stimulation is fully entitled to make decisions on
behalf of the person they are when their brain is not being stimulated. Some patients might
have preferences while under the influence of stimulation that do not reflect their values in
the absence of stimulation. In some cases, it is possible that brain stimulation treatments
may affect cognition so profoundly that persons who previously were not considered to have
been competent medical decision-makers and advocates for themselves might be more
intellectually capable of decision-making after stimulation. Are there limits on a treated
individual’s ability to make decisions on behalf of his or her less capable future self, or vice
versa? On the other hand, one could also make the countervailing argument that the diseases
for which stimulation may be used as a therapy may have already altered patients’ initial
cognitive and affective functions. Extending this reasoning, it could potentially be argued
that therapeutic interventions, including brain stimulation, allow patients to make decisions
in a state that is more akin to their pre-morbid, and perhaps preferred, selves. Regarding the
decision-making rights of the treated self versus the untreated self, some insights can be
gleaned from the field of psychiatry, wherein patients who are being treated
pharmacologically for mental conditions are generally allowed to guide their decision-
making in both the treated condition and the untreated condition, provided they are deemed
to have the capacity to do so in both states. There are, however, situations in which patients’
ability to control their treatment are curtailed, for instance when it is deemed that by
refusing treatment, the mental states and behaviors of these individuals put either themselves
or others in imminent danger.
While the cognitive and psychological effects induced by TMS, tDCS, and DBS are
generally thought of as being reversible, there is evidence that suggests that prolonged or
repeated stimulation can lead to lasting changes in neural function. Extending this notion,
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persistent changes in neural activity may manifest in long-lasting alterations of elements of a
person’s perception, cognition, motivations, and behavior that touch upon the fundamental
nature of who they are. In many cases these changes in self will be desired by the
individuals receiving stimulation, and may be the main objective of their treatment. Indeed,
just as some patients taking psychoactive medications report that they feel more like their
“authentic selves” while on treatment than off (Kramer 1994), some persons receiving
stimulation may find their stimulated state to be more in accordance with their notion of
themselves (or with their notion of who they would like to be). On the other hand, as we
touched upon in our discussion of risks and benefits, the limitless complexities of the brain
and our limited experience with brain stimulation make it entirely plausible that extensive
use of these technologies could lead to changes that are unanticipated, undesired, or both,
such as significant changes in our personalities and concepts of who we are. We may
already have examples of such cases with respect to invasive brain stimulation, and as more
data is gathered from minimally invasive stimulation we will begin to develop a clearer
sense of whether this is also a realistic concern with these technologies.
Arguments connected to identity and personhood do not translate readily into concrete,
practical, and systematic criteria for guiding research and clinical decision-making
(Synofzik and Schlaepfer 2011). Nonetheless, they are important for persons in the field of
brain stimulation to consider, as they could have far-reaching consequences for subjects,
patients, and caregivers, as well as the social environments in which persons living in
‘altered states’ interact (Baylis 2011). These concerns should prompt more research into the
significance and long-term impact of brain stimulation on the components of mental
experience that contribute to identity and personhood, as well as identification of the
conditions, stimulation parameters, and patient populations wherein fundamental changes in
mental experience are most likely to occur. In this way practitioners of brain stimulation
could provide anticipatory guidance to allow stimulation recipients to make informed
decisions about desired and undesired changes in being.
Justice: fairness and equity in brain stimulation
The concept of justice encompasses the idea the benefits should not be unfairly denied to
individuals without good reason and also the notion that specific groups of individuals
should not by unduly burdened (Sims 2010). In research and clinical settings these ideas find
their application in the equitable distribution of medical resources, technologies, and
research priorities. Because DBS, TMS, and tDCS vary widely with respect to cost,
equipment needs, and administrator expertise, the three technologies need to be considered
separately with respect to distributive justice. DBS is by far the most resource-intensive
brain stimulation technique as it involves the cost of the implanted electrode system, the
labor of a skilled neurosurgeon and clinical staff, and the cost of brief hospitalization. The
resource requirements associated with both TMS and tDCS are significantly less, although
there a considerable difference in cost and equipment needs between these two minimally
invasive techniques as well. As noted above, compared to tDCS, TMS involves components
(e.g. a stimulation unit and neuronavigational system) that are larger, heavier, and require a
constant power supply. Thus, compared to both DBS and TMS, tDCS is inexpensive,
portable, requires the least additional resources, and requires the least specific training in
order to implement. These properties may eventually facilitate the widespread use of this
technology, insofar as tDCS could be used in places with limited resources or where the
medical or technological infrastructure is not sufficient to maintain the other two techniques
(Pascual-Leone et al. 2011). Therapeutic brain stimulation is currently delivered in an
inequitable manner. At least in the US, the high cost of DBS limits its implementation
largely to patients with health insurance, while many patients who receive TMS for
depression must possess the means to pay for treatment out of pocket. However, while
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distributive justice is certainly an important ethical issue that pertains to brain stimulation,
we assert that this issue is not unique to these techniques. It is the rule rather than the
exception that when innovative technologies are introduced into the public sphere they are at
first the almost exclusive purview of a privileged group of individuals. This is certainly the
case in the medical field, where persons with resources—whether those resources be
personal wealth or the right kind of medical insurance—have nearly unfettered access to
advanced medical treatments, while individuals without access do not. Thus, inequity with
respect to brain stimulation simply serves as another instance of the “widening gap between
rich and poor with respect to almost all aspects of life” (Hamilton et al. 2011). Importantly,
we do not mean to imply that efforts to enhance fairness with respect to brain stimulation are
either misguided or futile. Rather, our point is that inequity in the administration of brain
stimulation is reflective of a larger issue of distributive justice that is endemic to medicine in
the industrialized world.
Discussion
We have tried to make the case that, although not all the ethical issues brought forward by
brain stimulation are unique to these techniques, there are certain aspects that indeed require
special attention. Moreover, while we do not assert that all ethical issues play the same role
for DBS, TMS, and tDCS, the basic idea of stimulating the brain—be it electrically or
magnetically, invasively or minimally invasively—implies commonalities among the three
techniques. We do not need to reinvent the wheel for assessing the ethical aspects of every
clinical and research area to be explored for each one of these techniques, but we also do not
want to overgeneralize and overlook their differences.
We have also emphasized issues that brain stimulation techniques engender related to the
foundational principles of medical ethics: beneficence and nonmaleficence, autonomy and
justice. Insofar as most proposed therapeutic applications of brain stimulation are still only
in the experimental or in some cases conceptual stage, these ‘early days’ for the field are an
opportune time for clinicians and investigators to reflect on their fiduciary responsibilities
with respect to patients and subjects undergoing brain stimulation. The clinician-patient
relationship defines a bond of trust that is of paramount importance in the practice of
medicine, including therapeutic brain stimulation. One issue that could threaten that
relationship is the fact that many clinical practitioners of these techniques are themselves
investigators, setting the stage for a possible conflict of interest between the best interests of
patients and the desire to demonstrate the efficacy of brain stimulation techniques. Faced
with strong professional incentives to demonstrate positive results, and faced with patient
populations who are highly motivated to pursue treatments they hope will help them,
clinicians and investigators must strive to maintain both transparency and equipoise with
respect to the benefits and risks of treatment, and work to communicate these, as free from
bias as possible, to potential patients and subjects. Thus leadership from practitioners and
researchers is required in this burgeoning field in order to create and maintain standards of
ethical conduct for research with human subjects.
To summarize the issues we have touched upon in this paper we want to make three basic
points:
1. The therapeutic use of brain stimulation can be guided by the same framework of
ethical principles that inform other fields of medical research and treatment,
including beneficence, nonmaleficence, autonomy, and justice.
2. Issues in brain stimulation related to nonmaleficence, beneficence, and distributive
justice are relatively well informed by ethical thinking in other areas of medicine.
As the body of research evidence and clinical experience related to brain
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stimulation continues to expand, we anticipate that treatment parameters will be
continually refined to optimize the benefits, minimize the risks, and determine
which techniques are most effective for specific clinical indications.
3. Autonomy is a particularly thorny issue with respect to brain stimulation because
we are dealing with treatments that can potentially change aspects of subjects and
patients that relate to their identity and personhood. Thus far the literature has
focused mainly on DBS and potential changes to identity, but TMS or tDCS could
theoretically induce similar changes despite their minimally invasive
characteristics. Some lessons regarding how to deal with challenges connected to
autonomy and brain stimulation techniques can be gleaned from the field of
psychiatry. However, additional answers will need to come from cognitive
neuroscience, as we explore how our brains instantiate our thoughts, and how our
thoughts instantiate our identities as rational actors with autonomy and agency.
In closing, we would like to point out two foreseeable future ethical challenges related to
brain stimulation. The first of these is the slippery slope of clinical necessity. At issue is the
concern that practitioners of brain stimulation may someday be pressured to ‘treat’ cognitive
or psychological states that many would consider to be part of the spectrum of normal
human ability rather than pathology. In such cases, the boundaries between treatment of
disease and enhancement of normal cognition could easily be blurred. The notion that
therapies initially developed to treat pathological brain states could be directed toward more
cosmetic applications is neither far-fetched nor far off in the future. For the sake of
comparison, consider underachieving students who get treated with Ritalin when it is not
clear they meet the criteria for attention deficit disorder or the individual who feels ‘down in
the dumps’ and is prescribed a small dose of an antidepressant for symptoms that do not
meet the clinical criteria for major depression. There is nothing that speaks against the
possibility that brain stimulation will be any different. Given the invasive nature and cost
associated with DBS, it is easier to envision individuals obtaining TMS or tDCS for the
purposes of cognitive or emotional enhancement. However, there are circumstances under
which individuals may be motivated to use DBS for reasons other than its clinical
indications, such as cases in which patients have experienced “morphine-like” feelings
associated with stimulation (Morgan et al. 2006). Given that there are DBS systems that
allow patients to control when they are stimulated, these cases raise questions regarding who
should be able to exercise control over implanted brain stimulators, and whether there is a
potential for intentional misuse.
A second, foreseeable issue that is closely tied to the notion of cosmetic neural enhancement
is the potential for self-treatment by the public. Currently, this issue might be only limited to
tDCS, given the equipment and costs associated with the TMS and DBS. Simply put,
building a tDCS device is not rocket science, and a rudimentary system can be put together
with less than $100 and a basic understanding of electronics. Consequently, there are
currently individuals who are actively engaged in self-experimentation and self-treatment
using home-made tDCS units. This effort is fostered by so-called “do-it-yourself” and
“biohackers” movements (http://brmlab.cz/project/brain_hacking/tdcs), and by a number of
publically accessible websites and videos that provide the schematics for building a tDCS
unit as well as testimonials from individuals that have tried these home-made devices on
themselves. While self-experimentation with a home-made brain stimulator may sound to
some like eccentric behaviour, the notion of magnetically or electrically enhancing cognitive
abilities is one that may have broad appeal to an increasingly technology-dependent public.
In a recent survey of an unselected group of 1000 respondents, we found that 87% would be
willing to use minimally invasive brain stimulation to enhance their intellectual ability or
performance at work or school (Hamilton, personal communication), reinforcing the idea
that people could use tDCS for “nonresearch and nontherapeutic objectives” (Brunoni et al.
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2012b). Insofar as brain stimulation techniques may also have benefits in boosting mood or
improving sleep, it is possible to envision situations in which individuals could use
stimulation as a means of self-medication before going to a qualified medical doctor, akin to
self-treatment with over-the-counter medications.
The notion of healthy persons stimulating themselves for the sake of cognitive self-
enhancement raises fascinating questions with respect to autonomy and the fiduciary
responsibilities of practitioners of brain stimulation. Modern Western society tends to
recognize the primacy of autonomy, leaning heavily towards persons being free to do as they
wish with their minds and bodies, provided they do not harm others in doing so. Since no
permanent adverse effects of either TMS or tDCS have been conclusively demonstrated, one
could easily make the argument that individuals should be allowed to stimulate their brains
should they desire to do so. However, with so much still unknown about the neural
mechanisms and long-term effects of brain stimulation, the notion of unregulated public
usage may be worrisome to some practitioners who currently administer these techniques.
To that end, the community of clinicians and researchers in this field may someday feel
obligated, for the sake of public safety, to inform and advise non-professionals with respect
to self-administration of minimally invasive brain stimulation. In this situation, the principle
of nonmaleficence (“first do no harm”) takes on special significance, and it would be
worthwhile for the community of practitioners and investigators working with these
technologies to consider whether guidelines for public use—based on data and expert
experience—would be appropriate. Thus, in addition to developing and refining best
practices of medical research and clinical care, ethical leadership with respect to the use of
minimally invasive brain stimulation may also eventually call for proactive steps to be taken
in both public education and public policy.
References
Anderson RJ, Frye MA, Abulseoud OA, Lee KH, McGillivray J, Berk M, Tye SJ. Deep brain
stimulation for treatment-resistant depression: Efficacy, safety and mechanisms of action. Neurosci
Biobehav Rev. 201210.1016/j.neubiorev.2012.06.001
Appelbaum PS. Assessment of patients’ competence to consent to treatment. N Engl J Med. 2007;
357:1834–1840. [PubMed: 17978292]
Appelbaum PS, Grisso T. Assessing patients’ capacities to consent to treatment. N Engl J Med. 1998;
319 (25):1635–8. [PubMed: 3200278]
Baylis F. “I Am Who I Am”: On the Perceived Threats to Personal Identity from Deep Brain
Stimulation. Neuroethics. 2011:1–14.10.1007/s12152-011-9137-1 [PubMed: 23526139]
Beauchamp, PTL.; Childress, JF. Principles of Biomedical Ethics. Oxford University Press; 2001.
Bell E, Mathieu G, Racine E. Preparing the ethical future of deep brain stimulation. Surg Neurol.
2009; 72(6):577–586.10.1016/j.surneu.2009.03.029 [PubMed: 19608246]
Blomstedt P, Hariz MI. Hardware-related complications of deep brain stimulation: a ten year
experience. Acta Neurochir. 2005; 147(10):1061–1064. discussion 1064. 10.1007/
s00701-005-0576-5 [PubMed: 16041470]
Brunoni AR, Ferrucci R, Fregni F, Boggio PS, Priori A. Transcranial direct current stimulation for the
treatment of major depressive disorder: A summary of preclinical, clinical and translational
findings. Prog Neuro-Psychop. 2012a; 39(1):9–16.10.1016/j.pnpbp.2012.05.016
Brunoni AR, Nitsche MA, Bolognini N, Bikson M, Wagner T, Merabet L, Edwards DJ, Valero-Cabre
A, Rotenberg A, Pascual-Leone A, Ferrucci R, Priori A, Boggio PS, Fregni F. Clinical research with
transcranial direct current stimulation (tDCS): Challenges and future directions. Brain Stimul.
2012b; 5 (3):175–195. [PubMed: 22037126]
Brunoni AR, Valiengo L, Baccaro A, Zanao T, de Oliveoira J, Goulart A, Boggio P, et al. The
sertraline vs electrical current therapy for treating depression clinical study. JAMA Psychiatry
(online first). 201310.1001/2013.jamapsychiatry.32
Cabrera et al. Page 14
Brain Topogr. Author manuscript; available in PMC 2015 January 01.
Bublitz JC, Merkel R. Autonomy and authenticity of enhanced personality traits. Bioethics. 2009;
23(6):360–374.10.1111/j.1467-8519.2009.01725.x [PubMed: 19527264]
Cabrera L. They Might Retain Capacities to Consent But Do They Even Care? AJOB Neurosci. 2011;
2(1):41–42.10.1080/21507740.2010.537300
Chi RP, Snyder AW. Facilitate Insight by Non-Invasive Brain Stimulation. PloS One. 2011;
6(2)10.1371/journal.pone.0016655
Cohen Kadosh R, Soskic S, Iuculano T, Kanai R, Walsh V. Modulating neuronal activity produces
specific and long-lasting changes in numerical competence. Curr Biol. 2010; 20(22):2016–
2020.10.1016/j.cub.2010.10.007 [PubMed: 21055945]
Datta A, Elwassif M, Battaglia F, Bikson M. Transcranial current stimulation focality using disc and
ring electrode configurations: FEM analysis. J Neural Eng. 2008; 5(2):163–174. [PubMed:
18441418]
Dunn LB, Nowrangi MA, Palmer BW, Jeste DV, Saks ER. Assessing decisional capacity for clinical
research or treatment: a review of instruments. Am J Psychiatry. 2006; 163:1323–1334. [PubMed:
16877642]
Farah, MJ. Basic bioethics. MIT Press; Cambridge, Mass: 2010. Neuroethics: an introduction with
readings.
Farah MJ, Wolpe PR. Monitoring and manipulating brain function: new neuroscience technologies and
their ethical implications. Hastings Cent Rep. 2004; 34 (3):35–45. [PubMed: 15281725]
Fregni F, Boggio PS, Nitsche M, Bermpohl F, Antal A, Feredoes E, Marcolin MA, Rigonatti SP, Silva
MT, Paulus W, Pascual-Leone A. Anodal transcranial direct current stimulation of prefrontal
cortex enhances working memory. Exp Brain Res. 2005; 166(1):23–30.10.1007/
s00221-005-2334-6 [PubMed: 15999258]
Fregni F, Pascual-Leone A. Technology Insight: noninvasive brain stimulation in neurology-
perspectives on the therapeutic potential of rTMS and tDCS. Nat Clin Pract Neurol. 2007; 3 (7):
383–393. [PubMed: 17611487]
Fumagalli M, Vergari M, Pasqualetti P, Marceglia S, Mameli F, Ferrucci R, Mrakic-Sposta S, Zago S,
Sartori G, Pravettoni G, Barbieri S, Cappa S, Priori A. Brain switches utilitarian behavior: does
gender make the difference? PloS One. 2010; 5(1):e8865.10.1371/journal.pone.0008865 [PubMed:
20111608]
Gandiga PC, Hummel FC, Cohen LG. Transcranial DC stimulation (tDCS): a tool for double-blind
sham-controlled clinical studies in brain stimulation. Clin Neurophysiol. 2006; 117(4):845–
850.10.1016/j.clinph.2005.12.003 [PubMed: 16427357]
George MS, Padberg F, Schlaepfer TE, O’Reardon JP, Fitzgerald PB, Nahas ZH, Marcolin MA.
Controversy: Repetitive transcranial magnetic stimulation or transcranial direct current stimulation
shows efficacy in treating psychiatric diseases (depression, mania, schizophrenia, obsessive-
complusive disorder, panic, posttraumatic stress disorder). Brain Stimul. 2009; 2(1):14–
21.10.1016/j.brs.2008.06.001 [PubMed: 20633399]
Gilbert F. The burden of normality: from ‘chronically ill’ to ‘symptom free’. New ethical challenges
for deep brain stimulation postoperative treatment. J Med Ethics. 2012; 38(7):408–412.10.1136/
medethics-2011-100044 [PubMed: 22431560]
Glannon, W. Bioethics and the brain. Oxford University Press; Oxford; New York: 2007.
Groppa S, Oliviero A, Eisen A, Quartarone A, Cohen LG, Mall V, Kaelin-Lang A, Mima T, Rossi S,
Thickbroom GW, Rossini PM, Ziemann U, Valls-Solé J, Siebner HR. A practical guide to
diagnostic transcranial magnetic stimulation: Report of an IFCN committee. Clin Neurophysiol.
2012; 123(5):858–882.10.1016/j.clinph.2012.01.010 [PubMed: 22349304]
Guller Y, Ferrarelli F, Shackman AJ, Sarasso S, Peterson MJ, Langheim FJ, Meyerand ME, Tononi G,
Postle BR. Probing Thalamic Integrity in Schizophrenia Using Concurrent Transcranial Magnetic
Stimulation and Functional Magnetic Resonance Imaging. Arch Gen Psychiatry. 201210.1001/
archgenpsychiatry.2012.23
Haffen E, Chopard G, Pretalli JB, Magnin E, Nicolier M, Monnin J, Galmiche J, Rumbach L, Pazart L,
Sechter D, Vandel P. A case report of daily left prefrontal repetitive transcranial magnetic
stimulation (rTMS) as an adjunctive treatment for Alzheimer disease. Brain Stimul. 2012; 5(3):
264–266.10.1016/j.brs.2011.03.003 [PubMed: 22037125]
Cabrera et al. Page 15
Brain Topogr. Author manuscript; available in PMC 2015 January 01.
Hamilton R, Messing S, Chatterjee A. Rethinking the thinking cap: ethics of neural enhancement using
noninvasive brain stimulation. Neurology. 2011; 76(2):187–193.10.1212/WNL.
0b013e318205d50d [PubMed: 21220723]
Hecht D. Transcranial direct current stimulation in the treatment of anorexia. Med Hypotheses. 2010;
74(6):1044–1047.10.1016/j.mehy.2009.12.032 [PubMed: 20096507]
Heinrichs J-H. The promises and perils of non-invasive brain stimulation. Int J Law Psychiatry. 2012;
35(2):121–129.10.1016/j.ijlp.2011.12.006 [PubMed: 22261319]
Heldmann M, Berding G, Voges J, Bogerts B, Galazky I, Muller U, Baillot G, Heinze HJ, Munte TF.
Deep brain stimulation of nucleus accumbens region in alcoholism affects reward processing. PloS
One. 2012; 7(5):e36572.10.1371/journal.pone.0036572 [PubMed: 22629317]
Jotterand F, Giordano J. Transcranial magnetic stimulation, deep brain stimulation and personal
identity: ethical questions, and neuroethical approaches for medical practice. Int Rev Psychiatry.
2011; 23(5):476–485.10.3109/09540261.2011.616189 [PubMed: 22200137]
Klaming L, Haselager P. Did My Brain Implant Make Me Do It? Questions Raised by DBS Regarding
Psychological Continuity, Responsibility for Action and Mental Competence. Neuroethics.
2010:1–13.10.1007/s12152-010-9093-1
Korchounov A, Ziemann U. Neuromodulatory neurotransmitters influence LTP-like plasticity in
human cortex: a pharmaco-TMS study. Neuropsychopharmacology. 2011; 36(9):1894–
1902.10.1038/npp.2011.75 [PubMed: 21544070]
Kramer, PD. Listening to Prozac. Fourth Estate; London: 1994.
Kuhn J, Gaebel W, Klosterkoetter J, Woopen C. Deep brain stimulation as a new therapeutic approach
in therapy-resistant mental disorders: ethical aspects of investigational treatment. Eur Arch
Psychiatry Clin Neurosci. 2009; 259(Suppl 2):S135–141.10.1007/s00406-009-0055-8 [PubMed:
19876671]
Laxton AW, Tang-Wai DF, McAndrews MP, Zumsteg D, Wennberg R, Keren R, Wherrett J, Naglie
G, Hamani C, Smith GS, Lozano AM. A phase I trial of deep brain stimulation of memory circuits
in Alzheimer’s disease. Ann Neurol. 2010; 68(4):521–534.10.1002/ana.22089 [PubMed:
20687206]
Levy, N. Neuroethics. Cambridge University Press; Cambridge; New York: 2007.
Lipsman N, Glannon W. Brain, Mind and Machine: What Are the Implications of Deep Brain
Stimulation for Perceptions of Personal Identity, Agency and Free Will? Bioethics. 201210.1111/j.
1467-8519.2012.01978.x
Lozano AM, Dostrovsky J, Chen R, Ashby P. Deep brain stimulation for Parkinson’s disease:
disrupting the disruption. Lancet Neurol. 2002; 1 (4):225–231. [PubMed: 12849455]
Marsden DC, Earnst KS, Jamil F, Barolucci A, Harrell L. Consistency of physicians’ legal standard
and personal judgments of competency in patients with Alzheimer’s disease. J Am Geriatr Soc.
2000; 48:911–918. [PubMed: 10968294]
Mathews DJ. Deep brain stimulation, personal identity and policy. Int Rev Psychiatry. 2011; 23(5):
486–492.10.3109/09540261.2011.632624 [PubMed: 22200138]
Mayberg HS, Lozano AM, Voon V, McNeely HE, Seminowicz D, Hamani C, Schwalb JM, Kennedy
SH. Deep brain stimulation for treatment-resistant depression. Neuron. 2005; 45(5):651–
660.10.1016/j.neuron.2005.02.014 [PubMed: 15748841]
Merkel, R.; Boer, G.; Fegert, J.; Galert, T.; Hartmann, D.; Nuttin, B.; Rosahl, S. Intervening in the
brain: changing psyche and society. Springer; 2007.
Morgan JC, di Donato CJ, Iyer SS, Jenkins PD, Smith JR, Sethi KD. Self-stimulatory behavior
associated with deep brain stimulation in Parkinson’s disease. Mov Disord. 2006; 21(2):283–
285.10.1002/mds.20772 [PubMed: 16258943]
Nitsche MA, Paulus W. Sustained excitability elevations induced by transcranial DC motro cortex
stimulation in humans. Neurology. 2001; 57:1899–1901. [PubMed: 11723286]
Nitsche MA, Fricke K, Henschke U, Schlitterlau A, Liebetanz D, Lang N, et al. Pharmacological
modulation of cortical excitability shifts induced by transcranial direct current stimulation in
humans. Journal of Physiology. 2003; 553(1):293–301. [PubMed: 12949224]
Nitsche MA, Seeber A, Frommann K, Klein CC, Rochford C, Nitsche MS, Fricke K, Liebetanz D,
Lang N, Antal A, Paulus W. Modulating parameters of excitability during and after transcranial
Cabrera et al. Page 16
Brain Topogr. Author manuscript; available in PMC 2015 January 01.
direct current stimulation of the human motor cortex. J Physiol. 2005; 568 (1):291–303. [PubMed:
16002441]
Nitsche MA, Doemkes S, Karaköse T, Antal A, Liebetanz D, Lang N, Tergau F, Paulus W. Shaping
the effect of transcranial direct current stimulation of the human motor cortex. J Neurophysiol.
2007; 97:3109–3117. [PubMed: 17251360]
Nitsche MA, Cohen LG, Wassermann EM, Priori A, Lang N, Antal A, Paulus W, Hummel F, Boggio
PS, Fregni F, Pascual-Leone A. Transcranial direct current stimulation: State of the art 2008. Brain
Stimul. 2008; 1(3):206–223.10.1016/j.brs.2008.06.004 [PubMed: 20633386]
Palm U, Keeser D, Fintescu C, Reisinger M, Nitsche M, Padberg F. Skin lesions after treatment with
transcranial direct current stimulation (tDCS). Brain Stimul. 2008; 1:386–7. [PubMed: 20633396]
Pascual-Leone A, Bartres-Faz D, Keenan JP. Transcranial magnetic stimulation: studying the brain-
behaviour relationship by induction of ‘virtual lesions’. Philos Trans R Soc Lond B Biol Sci. 1999;
354(1387):1229–1238.10.1098/rstb.1999.0476 [PubMed: 10466148]
Pascual-Leone A, et al. Transcranial magneticstimulation and neuroplasticity. Neuropsychologia.
1999; 37:207–217. [PubMed: 10080378]
Pascual-Leone, A.; Fregni, F.; Steven-Wheeler, MS.; Forrow, L. Non-invasive brain stimulation as a
therapeutic and investigative tool: an ethical appraisal. In: Illes, J.; Sahakian, BJ., editors. Oxford
Handbook of Neuroethics. Oxford University Press; 2011. p. 417-439.
Pascual-Leone A, Wagner T. A brief summary of the history of noninvasive brain stimulation. Annu
Rev Biomed Eng. 2007; 9:527–565. [PubMed: 17444810]
Ponce FA, Lozano AM. Deep brain stimulation state of the art and novel stimulation targets. Prog
Brain Re. 2010; 184:311–324.10.1016/S0079-6123(10)84016-6
Poreisz C, Boros K, Antal A, Paulus W. Safety aspects of transcranial direct current stimulation
concerning healthy subjects and patients. Brain Res Bull. 2007; 72:208–214. [PubMed: 17452283]
Priori A. Brain polarization in humans: a reappraisal of an old tool for prolonged non-invasive
modulation of brain excitability. Clin Neurophysiol. 2003; 114(4):589–595.10.1016/
s1388-2457(02)00437-6 [PubMed: 12686266]
Priori A, Hallett M, Rothwell JC. Repetitive transcranial magnetic stimulation or transcranial direct
current stimulation? Brain Stimul. 2009; 2(4):241–245.10.1016/j.brs.2009.02.004 [PubMed:
20633424]
Racine, E. Basic bioethics. MIT Press; Cambridge, Mass: 2010. Pragmatic neuroethics: improving
treatment and understanding of the mind-brain.
Rossi S, Hallett M, Rossini PM, Pascual-Leone A. Safety, ethical considerations, and application
guidelines for the use of transcranial magnetic stimulation in clinical practice and research. Clin
Neurophysiol. 2009; 120 (12):2008–2039. [PubMed: 19833552]
Sampson SM, Kung S, McAlpine DE, Sandroni P. The use of slow-frequency prefrontal repetitive
transcranial magnetic stimulation in refractory neuropathic pain. J ECT. 2011; 27(1):33–
37.10.1097/YCT.0b013e31820c6270 [PubMed: 21336050]
Schlaug G, Renga V, Nair D. Transcranial direct current stimulation in stroke recovery. Arch Neurol.
2008; 65(12):1571–1576.10.1001/archneur.65.12.1571 [PubMed: 19064743]
Schmitz-Luhn B, Katzenmeier C, Woopen C. Law and ethics of deep brain stimulation. Int J Law
Psychiatry. 2012; 35(2):130–136.10.1016/j.ijlp.2011.12.007 [PubMed: 22244083]
Sims JM. A brief review of the Belmont report. Dimens Crit Care Nurs. 2010; 29(4):173–174.10.1097/
DCC.0b013e3181de9ec5 [PubMed: 20543620]
Synofzik M, Schlaepfer TE. Electrodes in the brain--ethical criteria for research and treatment with
deep brain stimulation for neuropsychiatric disorders. Brain Stimul. 2011; 4(1):7–16.10.1016/j.brs.
2010.03.002 [PubMed: 21255750]
Temel Y, Kessels A, Tan S, Topdag A, Boon P, Visser-Vandewalle V. Behavioural changes after
bilateral subthalamic stimulation in advanced Parkinson disease: a systematic review.
Parkinsonism Relat Disord. 2006; 12(5):265–272.10.1016/j.parkreldis.2006.01.004 [PubMed:
16621661]
UNC School of Medicine. Deep Brain Stimulation - DBS. 2012. [Accessed 7/10/2012]
Cabrera et al. Page 17
Brain Topogr. Author manuscript; available in PMC 2015 January 01.
Valldeoriola F, Morsi O, Tolosa E, et al. Prospective comparative study on cost-effectiveness of
subthalamic stimulation and best medical treatment in advanced Parkinson’s disease. Mov Disord.
2007; 22:2183–91. [PubMed: 17724747]
Valldeoriola, F. Cost and efficacy of therapies for advanced parkinson’s disease. In: Finkelstein,
editor. Towards new therapies for parkinson’s disease. InTech; 2011. Available from http://
www.intechopen.com/books/towards-new-therapies-for-parkinson-s-disease/cost-and-efficacy-of-
therapies-for-advanced-parkinson-s-disease
Wagner T, Valero-Cabre A, Pascual-Leone A. Noninvasive human brain stimulation. Annu Rev
Biomed Eng. 2007; 9:527–565.10.1146/annurev.bioeng.9.061206.133100 [PubMed: 17444810]
Wassermann EM. Risk and safety of repetitive transcranial magnetic stimulation: report and suggested
guidelines from the International Workshop on the Safety of Repetitive Transcranial Magnetic
Stimulation, June 5–7, 1996. Electroencephalogr Clin Neurophysiol. 1998; 108 (1):1–16.
[PubMed: 9474057]
Witt K, Kuhn J, Timmermann L, Zurowski M, Woopen C. Deep Brain Stimulation and the Search for
Identity. Neuroethics. 2011:1–13.10.1007/s12152-011-9100-1 [PubMed: 23526139]
World Medical Association General Assembly. World Medical Association Declaration of Helsinki:
ethical principles for medical research involving human subjects (revised October 7, 2000). HIV
Clin Trials 2001. 2001 Jan-Feb;2(1):2–95.
Wu CC, Tsai CH, Lu MK, Chen CM, Shen WC, Su KP. Theta-burst repetitive transcranial magnetic
stimulation for treatment-resistant obsessive-compulsive disorder with concomitant depression. J
Clin Psychiatry. 2010; 71(4):504–506.10.4088/JCP.09l05426blu [PubMed: 20409448]
Wu H, Van Dyck-Lippens PJ, Santegoeds R, van Kuyck K, Gabriels L, Lin G, Pan G, Li Y, Li D,
Zhan S, Sun B, Nuttin B. Deep-Brain Stimulation for Anorexia Nervosa. World Neurosurg.
201210.1016/j.wneu.2012.06.039
Cabrera et al. Page 18
Brain Topogr. Author manuscript; available in PMC 2015 January 01.
Fig. 1. Published Papers related to Brain Stimulation (2001–2011)
Data were acquired by searching pubmed.gov for articles using “deep brain stimulation OR
DBS” “transcranial magnetic stimulation OR TMS,” or transcranial direct current
stimulation or tDCS” in the title and by publication date (2001–2011). All searches were
conducted on December 8th, 2012
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